We have developed the new in situ electrical-conductivity measurement system which can be operated in ultrahigh vacuum (UHV) with accurate temperature measurement down to 20 K. This system is mainly composed of a new sample-holder fixing mechanism, a new movable conductivitymeasurement mechanism, a cryostat, and two receptors for sample-and four-probe holders. Sampleholder is pushed strongly against the receptor, which is connected to a cryostat, by using this new sample-holder fixing mechanism to obtain high thermal conductivity. Test pieces on the sampleholders have been cooled down to about 20 K using this fixing mechanism, although they were cooled down to only about 60 K without this mechanism. Four probes are able to be touched to a sample surface using this new movable conductivity-measurement mechanism for measuring electrical conductivity after making film on substrates or obtaining clean surfaces by cleavage, flashing, and so on. Accurate temperature measurement is possible since the sample can be transferred with a thermocouple and/or diode being attached directly to the sample. A single crystal of Bi-based copper oxide high-T c superconductor (HTSC) was cleaved in UHV to obtain clean surface, and its superconducting critical temperature has been successfully measured in situ. The importance of in situ measurement of resistance in UHV was demonstrated for this HTSC before and after cesium (Cs) adsorption on its surface. The T c onset increase and the T c offset decrease by Cs adsorption were observed.
I. INTRODUCTION
The electrical conductivity measurement is a method for evaluating the electronic states of various materials such as superconductors, semiconductors, metals, and especially surface superstructures which have recently attracted much attention. The measurement of carbon nanotubes 1, 2 and CoSi 2 nanowire by using carbon nanotubes as conductivity measurement probes 3 were performed recently. A number of surface electrical conductivity measurements have been done in ultrahigh vacuum (UHV) condition to date. [4] [5] [6] [7] [8] [9] To measure surface electrical conductivity after cleaving or depositing films, we need to measure it in situ to prevent contamination. Usually an ultrahigh vacuum six-axis cryogenic sample manipulator is used for various measurements of surfaces such as angle resolved photoelectron spectroscopy. 10 In our group, a transferable sample-holder and a sample-holder-receptor which are equipped with six electrodes have been developed so far. 11 However, there is no system which can transfer the sample to the manipulator with a thermocouple and/or a diode being attached directly to the sample for accurate temperature measurement during conductance measurement at various temperatures in UHV up to now. Therefore, we have designed and constructed a new UHV in situ system, which enable what described above. We named this new UHV in situ electrical-conductivity measurement cooling system as CRY-OREC. In this paper, we described the design of CRYOREC a) Present address: School of Engineering, University of Hyogo, 2167 Shosha, Himeji, Hyogo 671-2280, Japan. Electronic mail: chikako.tokyo@gmail.com in detail. The performance evaluation and the demonstrative experiment of CRYOREC were made for the phase transition of high-T c superconductor (HTSC) at low temperature on its clean and metal covered surfaces in UHV.
II. DESIGN OF CRYOREC
Figures 1(a) and 1(b) show a photograph and a picture of the UHV chamber, respectively. It is composed of a main, a preparation, and an air-lock chamber. We installed CRY-OREC in the main chamber. Positional relation of the UHV chamber, CRYOREC, cryostat, and transfer rod is shown in Fig. 1(b) .
Figures 2(a) and 2(b) show the three-dimensional drawings of the new UHV in situ electrical-conductivity measurement cooling system. The drawings were made using three dimensional CAD "Solid Edge V9" and two dimensional CAD "Auto CAD software LT 98." Two receptors are connected to the cryostat (4.2 K closed-cycle He cryostat : Iwatani Industrial Gases Corp.) through the connecting rod (Figs. 2(a) and 2(b)). The diameter and the length of the connecting rod are 20 mm and 680 mm, respectively. The rod is made of copper to ensure good thermal conductivity between the cryostat and the two receptors. The whole system is mounted on a (x, y, z, θ , φ) manipulator for the adjustment of the sample position for the transfer, surface treatment, and reflection high energy electron diffraction (RHEED) experiment. There are two receptors in CRYOREC facing to each other. Each receptor is equipped with 6 electrodes. One electrode is made of chromel, another is made of constantan, and others are made of SUS304. The chromel and constantan electrodes are connected to the chromel-constantan thermocouple of the sample-holder which is directly attached to the sample when the sample-holder is inserted into the receptor. Hence this system of two receptors is equipped with 12 electrodes in total. Four electrodes were used for measuring conductance by four-probe method, and 2 electrodes were used for deposition of metal on the sample surfaces, and remaining 6 electrodes are used for temperature measurement. By using these 6 electrodes, the accurate temperature was measured: four electrodes were used for a GaAlAs diode, which does not need reference temperature, and other 2 electrodes were used for a thermocouple. We can transfer the sample-holder with the GaAlAs diode and/or the thermocouple attached di- rectly to the sample from atmosphere into the UHV chamber by using one transfer rod.
(a) By combining a worm gear and a worm wheel, the sample-holder is pushed strongly against the upper sample-holder receptor which is connected to a cryostat to obtain high thermal conductivity. (b) The sample is set at the upper sample-holder receptor facing downward and the four probes for measuring electrical conductivity are set at the lower probe-holder receptor facing upward, and they are moved to touch each other, accurately. (c) By combining a worm gear, a worm wheel, a rack, and a pinion, four probes for electrical conductance measurement can be touched to the sample surface softly so as to prevent samples from break.
A. New sample-holder fixing mechanism
It is necessary to cool down samples as much as possible to measure conductivity at low phase transition temperature such as critical temperature (T c ) of superconductor. However, a space between the ceiling of receptor and the sample-holder leads to the lower cooling efficiency. The space is created by the gravity because the sample-holder is fixed to the receptor by only one horizontal screw. Therefore, we have designed and constructed a mechanism that can push the sample-holder strongly against the receptor to cool down the sample efficiently.
Figures 3(a) and 3(b) show a three-dimensional drawing and a photograph of the new sample-holder fixing mechanism, respectively.
Figure 3(a) shows the mechanism that sample-holder is pushed strongly against the ceiling of the receptor. First, the worm gear is rotated by the transfer rod 1 . Then the driving force is transferred from the worm gear to the worm wheel 2 .
Next, the driving force is transferred from the worm wheel to the gear 3 . Finally, the driving power is transferred to two jaws 4 which press up the sample-holder to the ceiling of the receptor. Thus, the cooling efficiency is improved by decreasing the space between the receptor and the sample-holder to zero and high thermal conductivity is achieved by this new sample-holder fixing mechanism.
B. New movable conductivity-measurement mechanism
If we put the voltage probes on the substrate surface before we deposit some films, the films are not deposited under these probes and accurate conductivity of them cannot be measured. Furthermore, when we obtain a clean surface by cleaving, we cannot put the probes on the sample before cleaving. Therefore, a new movable conductivitymeasurement mechanism is installed in CRYOREC in parallel with the new sample-holder fixing mechanism to measure electrical conductivity of samples after making films on substrates or obtaining clean surfaces by cleavage, flashing, and so on. the mechanism to move up the lower probe-holder receptor. Figure 4 (c) shows the four probes and four-probe holder for the conductivity measurement. First, the worm gear 1 is rotated by the transfer rod. Then the driving force is transferred from the worm gear to the worm wheel 2 connected to a pinion. Finally, the driving power is transferred from the pinion to a rack 3 , which is connected to the lower probe-holder receptor. The probe-holder receptor moves up and down by this new movable conductivity-measurement mechanism within a range of 28 mm. After we inserted the four-probe holder to the lower probe-holder receptor, the four probes are moved up to contact with the sample which is fixed at the upper sampleholder receptor.
Figures 5(a) and 5(b) show a photograph and a picture of CRYOREC after the four probes are made contact with the sample, respectively.
C. Miscellaneous points considered
Miscellaneous points which have been considered are listed below.
(a) Sample-holders are transferred between the main, the preparation, and the air-lock chambers by using transfer rods with a common head. We designed the shape of the edge of the worm gear of the new mechanism to match the head of the transfer rod so that all mechanisms can be operated by the rotation motion of one transfer rod. (b) We combined the worm gear with the worm wheel to amplify the force for pushing the sample-holder to the upper sample-holder receptor. (c) For smooth motion of the system in UHV, we designed the length between the worm gear and the worm wheel 0.1 mm longer than the standard length of Pitch Circle Diameter (PCD). The same allowance of 0.1 mm is put between all pairs of plane gears, the worm gear and the worm wheel, the pinion and the rack. (d) By using a worm gear and a worm wheel, the speed of the motion of the four-probes is slowed to prevent the probes from breaking when the four-probes touch with sample surface. (e) The miniature slide (NIPPON BEARING Co., LTD) in UHV was used to move the rack smoothly. (f) Since this new movable conductivity-measurement mechanism is a part of CRYOREC, the distance between the sample and the probes is stable. Spring-contactprobes of Nihon Denshin Co., Ltd. are used for four probes (Fig. 4(c) ). The springs inside these probes make the force between the probes and the sample rather soft. (g) To enhance the cooling efficiency by decreasing radiation heating, CRYOREC was plated with gold.
III. PERFORMANCE EVALUATION A. Lowest temperature of the test piece
We performed the following performance evaluation of CRYOREC in order to investigate the lowest temperature achievable for the test piece. The copper plate was used as a test piece since copper has good thermal conductivity. A chromel-constantan thermocouple (The Nilaco Co.) and GaAlAs diode (TOYO Co.) were made contact with the test piece. The temperature and voltage drop measurements were made using the digital multimeter Advantest R6441A and Keithley DMM 2400, respectively. The reference temperature for the thermocouple was set using liquid nitrogen. We fixed the test piece on a sample-holder and fixed the sample-holder to the upper sample-holder receptor by the screw. Then, the sample-holder was pushed strongly against the receptor by the new sample-holder fixing mechanism. We cooled down a test piece by a 4.2 K closed-cycle He cryostat and measured the lowest temperature of the test piece. The temperature measured by the chromel-constantan thermocouple was calibrated by the GaAlAs diode. The base pressure of the main chamber was 5 × 10 −10 Torr at room temperature. Figure 6 shows the result of measurement of the lowest temperature achievable for the test piece with and without using the new sample-holder fixing mechanism. The test piece was cooled down to about 20 K using the new mechanism. The temperature increased to about 60 K after the sampleholder was unfixed by loosening the new mechanism. It was confirmed that the test piece was able to be cooled about 40 K lower by using the new mechanism. It became possible to measure the T c of not only Bi, Tl, Hg-based copper oxide HTSCs but also La-based copper oxide HTSCs, MgB 2 , and some iron pnictide superconductors whose phase transition temperatures are higher than 20 K. 
B. Conductivity measurement of copper oxide HTSCs
We tried a measurement of temperature dependence of conductivity of the single crystal Bi-based copper oxide HTSCs for the performance evaluation of CRYOREC. Fourpoint probe method was used in this evaluation. The optimally doped Bi 2 Sr 2 CaCu 2 O 8+δ copper oxide HTSC (Bi2212) single crystal (2 × 5 mm 2 ) was used as a sample. A copper plate was fixed on a sample-holder and Bi2212 specimen was set on the copper plate by Torr Seal (Varian Co.). Electric isolation between the Bi2212 specimen and the copper plate was realized by the Torr Seal. The Bi2212 specimen was cleaved using a Scotch tape in a high vacuum condition to obtain a clean surface. This sample-holder was fixed on the upper sampleholder receptor. Contact probes and their receptacles (C-0.31-Q-2M and 0.31-S-1 from Nihon Denshin Co., Ltd.) developed for testing semiconductor circuits were used as four probes. These probes and sockets were set on the probe-holder. The distances between neighboring probes are 0.5 mm, 0.7 mm, and 0.5 mm from one end. The probe-holder was set on the lower probe-holder receptor. The four-point probe conductivity measurement was done by applying the current through the outer pair of probes and measuring the voltage drop between the inner pair of probes. The voltage drop measurements were made using a digital multimeter. The temperature of the Bi2212 specimen was changed while measuring electric conductivity. Temperature was increased naturally from low temperature. We did not use a heater. The base pressure of the main chamber was 3 × 10 −10 Torr at room temperature. The temperature of the Bi2212 specimen was measured by using the Chromel-Constantan thermocouple. The reference temperature for the thermocouple was set using liquid nitrogen. Then, next, the temperature of specimen was measured by the GaAlAs diode and the Chromel-Constantan thermocouple at the same time. We compared the temperature of GaAlAs diode to that of Chromel-Constantan thermocouple to calibrate the temperature. Temperature indication sometimes increased and sometimes decreased by the measurement current. About 0.1 K or less temperature errors were observed by the measurement current. Figure 7(a) shows one of the results of the superconducting T c measurement of the Bi2212 specimen (the "blue" open circles). A part of Fig. 7 (a) was enlarged and shown in Fig. 7(b) . The conductivity measurements have been successfully made in UHV by using CRYOREC. T c offset was 95 K.
IV. DEMONSTRATION

Lynch et al.
12 measured valence-band and core-level spectra and core-level absorption spectra from cleaved crystals of Bi2212 with various amounts of cesium (Cs) on the surface. However, the study of T c measurement for Cs adsorbed copper oxide HTSCs has not been done up to now. To study the change of T c in HTSC surface modified by alkali metal adsorption, we deposited Cs in situ on clean surface of the Bi2212 specimen which was used for the performance evaluation of CRYOREC described above and its conductivity was measured. In this kind of experiment, the use of CRYOREC is important since in situ deposition and conductance measurement in UHV is necessary for reactive alkali metal. We used the Cs dispenser manufactured by SAES Getters Japan Co., Ltd. The distance between the sample and the Cs dispenser was 3 mm. An electric current of 4.7 A was passed through the Cs dispenser for one minute to deposit Cs on the sample. The pressure during Cs adsorption was 4 × 10 −8 Torr. It is written that the yield of Cs is 1 mg/cm in the case of operation current 6.5 A for 1 min in the manual of SAES Getters Japan Co., Ltd. The slit length of Cs dispenser, which we used, is 12 mm. It is thought that vapor pressure when electric current is 6.5 A is much higher than vapor pressure when the electric current is 4.7 A. Then, we estimated the deposited amount of Cs in this experiment was much less than 1.2 mg.
The "red" filled squares in Fig. 7(a) show the result of the conductivity measurement of the Bi2212 after Cs adsorption. A part of Fig. 7(a) is enlarged and shown in Fig. 7(b) Cs adsorption resulted in the following phenomena: The T c offset of the Bi2212 before and after Cs adsorption was 95 K and 90 K, respectively. It is found that T c offset decreased by Cs adsorption. This phenomenon may be understood by electron doping from alkali metal to the CuO 2 plane of Bi2212. We would emphasize that this is a new method for changing T c of copper oxide HTSCs. On the other hand, T c onset increased few Kelvin by Cs adsorption. Moreover, there is a point where the conductance changes suddenly at about 104 K which is between T c offset and T c onset. It is considered that two phases, which have T c offset of 90 K and 104 K, were generated in crystal by Cs adsorption. T c offset increased for the most part and decreased for only a small part of crystal.
In order to elucidate this phenomemon of changing T c , it is necessary to incorporate the conductance measurement with X-ray photoelectron spectroscopy or X-ray emission spectroscopy to study the electronic structure before and after Cs adsorption on copper oxide HTSCs, especially, at around the temperature where the conductance changes. Additionally, the research of adsorption of other elements on copper oxide HTSCs is desirable. Moreover, the quantitative determination of the deposited amount of alkali metal is desirable.
V. CONCLUSION
We have developed a new electrical-conductivity measurement cooling system that enables in situ electrical conductivity measurement on clean surface, prepared in UHV, in wide range of temperature with accuracy. We confirmed that test piece has been cooled down to about 20 K using the new sample-holder fixing mechanism. By using the new movable conductivity-measurement mechanism, the T c of single crystal Bi-based copper oxide HTSCs, whose clean surface were obtained by cleavage in UHV, has been successfully measured in situ. Furthermore, we demonstrated the resistance measurement for Cs adsorbed single crystal Bi-based copper oxide HTSCs and confirmed that the change of T c happened by Cs adsorption.
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